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I
ndividuals who have undergone hematopoietic cell transplantation (HCT) are at increased risk for secondary malignancy, 1 most commonly nonmelanoma skin cancer (NMSC), including cutaneous squamous cell carcinoma (SCC) and basal cell carcinoma (BCC). 2 Whereas both SCC and BCC are generally associated with low mortality, individuals who have undergone HCT are more likely to develop clinically aggressive forms of disease with locoregional metastasis, deep tissue spread, and perineural and lymphatic invasion associated with poorer prognosis and requiring chemoradiotherapy. [3] [4] [5] In addition, the high morbidity and treatment costs of advanced NMSC can be significant. 6, 7 With increasing numbers of HCT survivors, 8 the number of patients who have undergone HCT and are at risk for NMSC will continue to grow. [9] [10] [11] Voriconazole has been available since 2002 for managing fungal infections and has contributed in 2 ways to improved clinical outcomes in patients who undergo HCT. First, it is an excellent treatment option for posttransplant fungal infections, including invasive fungi. Second, it is used as a prophylactic agent in severely immunocompromised patients, such as those who develop graft-versushost disease (GVHD) after allogeneic HCT. 12, 13 However, voriconazole is associated with cutaneous toxicities, including photosensitivity, 14 and along with its metabolite, voriconazole N-oxide (VNO), it sensitizes keratinocytes to ultraviolet A light and may induce DNA damage and inhibit repair mechanisms. 15 Although the association between voriconazole and NMSC has been established in the population of solid organ transplant recipients, 16, 17 less is known about patients who have undergone HCT. Therefore, we sought to determine the effect of voriconazole on post-HCT risk for NMSC.
MATERIALS AND METHODS

Study cohort
A total of 5447 individuals who had undergone HCT consented to inclusion in the Stanford Blood and Marrow Transplantation database at the time of this analysis. Transplant patients before January 2003 (n = 2501) were excluded owing to low use of voriconazole, as were the following patients: those who had undergone autologous HCT more than once, allogeneic HCT more than once, or both (n = 126); those younger than 18 years at the time of HCT (n = 166); and those with incomplete data (n = 16) (Fig 1) .
Incident post-transplant malignancies, including NMSC, were documented in the Stanford Blood and Marrow Transplantation database, as required by the Stem Cell Therapeutic and Research Act of 2005. To ensure that we had identified all cases of NMSC, we queried Stanford Hospital's electronic medical and pathology records with the search terms basal cell carcinoma, squamous cell carcinoma, BCC, SCC, nonmelanoma skin cancer, and keratinocyte cancer. Medical records were reviewed to verify the cancer histology and date of diagnosis. SCC included either in situ or invasive disease. Those with SCC of the oral mucosa (n = 3) or anogenital region (n = 1) were excluded. We built cohorts of those who had undergone HCTs by voriconazole use, which was identified through a query of Stanford Hospital's electronic medical and pharmacy records. Patients were considered exposed if there was documented use of voriconazole either before or after HCT. Pretransplant use of voriconazole was included because the majority of exposures occurred during induction chemotherapy within a few months before HCT and the effect of voriconazole can be long lasting. Because of the difficulty of confirming doses and tracking the complete prescription history of individual patients, we documented exposure only as ever exposed or never exposed. Patients whose first documented exposure to voriconazole occurred after diagnosis of NMSC were considered never exposed (recipients of 6 allogeneic transplants and 1 autologous transplant). Additionally, 2 allogeneic transplant recipients whose last documented follow-up dates were before their first recorded exposure to voriconazole were considered unexposed (Fig 1) .
Time to NMSC was defined as time between the day of HCT and first malignancy diagnosis. The diagnosis of GVHD was ascertained from the Stanford Blood and Marrow Transplantation database along with other covariates such as age at HCT, sex, race, and indication for transplant.
Statistical analysis
To compare demographic characteristics, the Student t test or Wilcoxon rank sum test was applied for continuous variables and the chi-square test was used for categorical variables. A Cox proportional hazards model was applied to estimate the hazard ratio of development of NMSC with voriconazole exposure, with adjustment for diagnosis of chronic GVHD, age at HCT (treated as a continuous variable), race, sex, and history of NMSC before
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transplantation. Voriconazole use and diagnosis of chronic GHVD were treated as time-dependent variables. Schoenfeld residuals were checked to evaluate the proportional hazards assumptions. An alternative model was fit using voriconazole exposure and nonexposure matched on age at HCT, sex, and follow-up time by the propensity score matching method, and a Cox proportional hazard model was applied. Incidence rates (IRs) and 95% exact confidence intervals (CIs) were calculated as number of skin cancers per 1000 person-years. All P values were 2 sided, and values less than .05 were considered statistically significant. All statistical analyses were conducted using the SAS statistical software package (version 9.4, SAS Institute, Inc, Cary, NC).
RESULTS
Patient population
The study cohort included a total of 2638 individuals who had undergone HCT (1220 allogeneic and 1418 autologous) (Fig 1 and Table  I ). There were more men than women in both the autologous and allogeneic groups, with white being the most represented race. Acute leukemia (51%) was the most common primary malignancy among those who had undergone allogeneic HCT, followed by non-Hodgkin lymphoma (17%). Autologous transplant recipients were the most likely to have either a plasma cell disorder (43%) or non-Hodgkin lymphoma (37%). Chronic GVHD occurred in 493 of those who had undergone allogeneic HCT (40%).
NMSC risk in allogeneic HCT
Among patients who had undergone allogeneic HCT, 79 developed NMSC, with a 10-year IR of 27.4 (95% CI, 21.8-33.9) ( Table I ). The median time from HCT to first diagnosis of NMSC was 1.9 years (range, 0.1-9.9). Those with voriconazole use had a median time from HCT to NMSC diagnosis of 2.9 years (range, 0.1-9.9), whereas those no voriconazole use had a median time to diagnosis of 0.7 years (range, 0.1-8.2). SCC was more common than BCC. The 10-year IR for SCC was 19.6 (95% CI, 15.0-25.3) and 7.0 (95% CI, 4.4-10.6) for BCC (Table I) . NMSC occurred more often on the head and neck in the exposed cohort than in the unexposed cohort (P = .020) (data not shown).
In multivariate analysis, voriconazole use was associated with an increased overall risk for NMSC (hazard ratio [HR], 1.82; 95% CI; 1.13-2.91; P = .013) among patients who had undergone allogeneic HCT (Table II) . The association with voriconazole exposure was significant for SCC (HR, 2.25; 95% CI, 1.30-3.89; P = .004) but not for BCC (HR, 1.05; 95% CI, 0.44-2.52; P = .913). Older age at the time of HCT, male sex, white race, and history of NMSC were each associated with increased overall risk for NMSC and SCC (Table II) . Older age at HCT and history of NMSC were found to be associated with increased risk for BCC. Chronic GVHD was associated with increased overall risk for NMSC.
NMSC risk in autologous HCT
Among patients who had undergone autologous HCT, 34 developed NMSC, with a 10-year IR of 6.5 (95% CI, 4.4-9.3) and a median time from HCT to diagnosis of 1.6 years (range, 0.2 -10.9) ( Table I) . Those with a history of voriconazole use had a median time from HCT to NMSC diagnosis of 1.1 years (range, 0.2-5.7) and those with no voriconazole use had a median time to diagnosis of 1.8 years (range, 0.3-10.9). The 10-year IRs among individuals who had undergone autologous HCT for SCC and BCC, respectively, were 3.8 (95% CI, 2.2-6.0) and 2.7 (95% CI, 1.4-4.6) ( Table I) . In multivariate analysis, there was no relationship between voriconazole use and risk for NMSC (HR, 0.99; 95% CI, 0.35-2.84; P = .988) (Table III) . Risk factors for NMSC among individuals who had undergone autologous HCT included older age at HCT, male sex, and history of NMSC. Our analysis using age-and sex-matched cohorts showed similar results, with slightly higher HRs than reported earlier in this article (data not shown).
DISCUSSION
Voriconazole has previously been associated with cutaneous SCC in solid organ transplant recipients, [16] [17] [18] but little is known about its effects in the post-HCT setting. In this study, we found a high rate of post-HCT NMSC, which was more pronounced among those who had undergone allogeneic HCT than among those who had undergone autologous HCT. Voriconazole use increased the risk for NMSC, particularly SCC, among those who had undergone allogeneic but not autologous HCT, and it had no effect on the risk for BCC. These data are in contrast to those of a prior study that did not find an increased risk for SCC among those who had undergone allogeneic HCT with voriconazole use. 10 The difference in these results may be due to the larger sample size in our study, as well to a population residing in a region with higher ambient ultraviolet radiation.
Our findings also support a multifactorial etiology in the post-HCT pathogenesis of NMSC. We identified increasing age, male sex, white race, and history of NMSC as risk factors. These are known risk factors for primary NMSC in other populations, 19, 20 and our results confirm these associations in the HCT population as well. Impaired immune function also appeared to play an important etiologic role. Individuals who had undergone allogeneic HCT had a higher risk for NMSC than those who had undergone autologous HCT (10-year IR 25.6 vs 6.3), likely because of prolonged immune dysregulation and the presence of chronic GVHD in 40% of cases. This is consistent with the results of previous studies and likely related to prolonged systemic immunosuppression, as well as to chronic inflammation of the skin. 21 In contrast, immune suppression is thought to play a less important role in the pathogenesis of BCC, and the lack of association between chronic GVHD and BCC is in accordance with this hypothesis.
The mechanism by which voriconazole leads to SCC is not well understood. Voriconazole and its metabolite, VNO, have been shown to increase the susceptibility of keratinocytes to ultraviolet A damage. 15 Interestingly, ultrarapid metabolizers of voriconazole with higher levels of VNO appear to be especially susceptible to development of SCC, 22 suggesting that VNO may have greater carcinogenic effects than voriconazole itself. Photosensitivity occurs more often among voriconazole users who develop SCC, 23 and in our study population, more NMSCs occurred on sun-exposed areas of the body (eg, head and neck) than on unexposed areas in the voriconazole cohort, suggesting that photosensitization may indeed be a contributor. However, our failure to detect an association between voriconazole and BCC indicates that phototoxicity is not the sole pathway, as previous studies have shown somewhat stronger associations of photosensitizing medications with BCC than with SCC. 24 In contrast to what might be expected, the time to incident post-HCT NMSC was shorter among allogeneic hematopoietic cell transplant recipients who were not exposed to voriconazole than among those who received voriconazole. This difference was mainly due to cases with SCC (a median of 0.5 years [range, 0. 1-8.7] in the nonexposed group versus a median of 3.0 years [range, 0.1-8.6] in the voriconazole-exposed group). This could be explained by voriconzole inducing additional de novo SCC, 25 which would develop at a later time and account for delayed first SCC diagnosis in the voriconazole-exposed group. Consistent with our data, a recent study found a mean time to SCC diagnosis after voriconazole exposure of 35 months among those who had undergone HCT. 22 It is also possible that the difference was due to the relatively small number of SCCs that developed in our study.
There are several limitations of this retrospective study. First, we did not have information on the skin type and sensitivity to sun exposure of individual patients. Patients with lighter skin types and patients with skin that is more sensitive to ultraviolet radiation have a higher propensity to development of skin cancer and were found to have increased risk for SCC in solid organ transplant recipients. 26 Second, BCC, Basal cell carcinoma; GVHD, graft-versus-host disease; HCT, hematopoietic cell transplantation; NMSC, nonmelanoma skin cancer; SD, standard deviation. *SCC and BCC were diagnosed simultaneously in 3 patients who had undergone allogeneic HCT; histology was unknown in 3 patients who had undergone autologous HCT.
information on history of sun exposure was not available. Third, rather than considering the cumulative duration or dose, which have been shown to be independent risk factors for development of SCC in other studies, our analysis was limited to binary ever versus never exposure to voriconazole. 10, 27 Future prospective studies are needed to address all of these shortcomings. Our data indicate that history of voriconazole exposure increases the risk for SCC in those who have undergone allogeneic HCT. Although other factors have greater impact on the risk for NMSC in those who have undergone HCT, the widely accepted use of voriconzaole as either a therapeutic or prophylactic antifungal agent in patients who have undergone HCT makes it an important risk factor to consider. 28 On the basis of our data, several recommendations should be considered in patients who have undergone HCT with high risk for development of NMSC. First, patients should have a pretransplant consultation with an experienced dermatologist to be screened for any skin cancer or precursor lesions and receive a thorough overall risk assessment. Second, alternative antifungal agents should be considered in high-risk patients. It is important to note, however, that the effect of newer azoles on the risk for development of NMSC remains unknown. Third, patient education with a focus on avoiding further sun damage and awareness of early detection should be implemented. Fourth, regular, long-term surveillance should be conducted by a dermatologist after HCT. 
